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Abstract 


SARS-CoV (severe acute respiratory syndrome-associated coronavirus) caused infection of ~8000 people 
and death of ~800 patients around the world during the 2003 outbreak. In addition, picornaviruses 
such as enterovirus, coxsackievirus and rhinovirus also can cause life-threatening diseases. Replication 
of picornaviruses and coronaviruses requires 3C pro (3C protease) and 3CL pro (3C-like protease) respectively, 
which are structurally analogous with chymotrypsin-fold, but the former is a monomer and the latter is 
dimeric due to an extra third domain for dimerization. Subtle structural differences in the S2 and S3 pockets 
of these proteases make inhibitors selective, but some dual inhibitors have been discovered. Our findings as 
summarized in the present review provide new potential anti-coronavirus and anti-picornavirus therapeutic 
agents and a clue to convert 3CL pro inhibitors into 3C pro inhibitors and vice versa. 


Introduction 

Viral infections are renowned as a major leading cause of 
acute morbidity in individuals of all ages worldwide [1]. 
Respiratory viral infective disease is the major threat to 
all ages, particularly children under 5 years of age [2]. The 
primary viral pathogens associated with acute respiratory 
infections include picornaviruses, Co Vs (coronaviruses), 
adenoviruses, parainfluenza viruses, influenza viruses and 
respiratory syncytial viruses [3,4]. Recently, a human 
CoV emerged as life-threatening and highly transmissible 
disease causing SARS (severe acute respiratory syndrome) 
and thus the virus was named SARS-CoV. SARS-CoV 
is a positive-stranded RNA virus with a relatively large 
genome of ~30 kb. The genome constitutes five major open 
reading frames, namely replicase polyproteins, nucleocapsid 
proteins, spike, envelope and membrane glycoproteins. 
SARS-CoV typically causes respiratory and enteric diseases, 
pneumonia, exacerbation of asthma, neurological symptoms 
and myocarditis in humans and domestic animals [5-7]. The 
initial outbreak of SARS was first identified in Guangdong 
Province, China, in November 2002. This outbreak spread 
to many countries and had a significant impact on health 
and economies. The mortality rate is nearly 10% [8]. The 
resulting structural and functional studies of the coronaviral 
life cycle has provided a number of significant targets for 
stopping viral replication. During SARS-CoV replication, the 
replicase polyproteins undergo extensive processing by two 
viral proteases, namely a chymotrypsin-like protease called 
3CL pro (3C-like protease) since it is analogous to 3C pro (3C 
protease) in picornavirus and PL pro (papain-like protease), 
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which reside within the polyprotein. They catalyse their own 
release from the polyprotein and the maturation of other 
NSPs (non-structural proteins) to initiate virus-mediated 
RNA replication [9]. These proteases, especially 3CL pro , are 
attractive targets for developing anti-SARS agents [10]. 

Analogous to CoV, Picornaviridae family members such 
as CV (coxsackievirus), EV (enterovirus) and RV (rhinovirus) 
also contain positive-sense single-stranded RNA, but with 
smaller genomes (~7.5 kb) [11]. These picornaviral infections 
are responsible for causing fever, headache, sore throat and 
gastrointestinal distress, as well as chest and muscle pain, 
known as pleurodynia or Bornholm disease in many areas. 
In some cases, the symptoms progress to myocarditis or 
pericarditis, which can result in permanent heart damage or 
death. Similarly to SARS-CoV, CV contains a virally encoded 
chymotrypsin-like protease named 3C pro responsible for viral 
replication [12]. 

To date, no effective antiviral drugs for CV and SARS-CoV 
infections are available except for over-the-counter drugs for 
symptomatic relief. Also the existing drugs approved for 
other viral infections have failed against CV and SARS-CoV. 
Hence it is necessary to find new leads or drugs to meet 
medical needs. From our efforts, several classes of inhibitors 
of 3CL pro have been identified (see below), among which one 
class of compounds also inhibit 3C pro . Crystal structures of 
both 3C pro and 3CL pro with the same inhibitors have been 
solved and compared to reveal the subtle differences in the 
active sites. This provides an opportunity to convert 3CL pro 
inhibitors into 3C pro inhibitors and vice versa. 

SARS-CoV 3CL pro inhibitors 

Using a fluorigenic peptide as a substrate for assay [13], 
we have reported various SARS-CoV inhibitors obtained 
from screening of compound libraries and rational design 
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based on the crystal structures of the product-bound form 
of 3CL pro [14]. These inhibitors, as shown in Figure 1 , 
include zinc-conjugates (1) [15,16], C 2 -symmetric diols (2a 
and 2b) [17,18], peptidomimetic a,/3 -unsaturated esters (3) 
[19], anilides (4) [20], benzotriazole (5) [21], 7V-phenyl-2-(2- 
pyrimidinylthio)acetamide (6) [22], biphenyl sulfone (7) [23], 
natural products including tea polyphenols ( 8 ) [24] and plant 
terpenoids and lignins (9 and 10) [25], as well as glutamic acid 
and glutamine peptides possessing a trifluoromethylketone 
group (11) [26], pyrimidinone (12) [27], four hits (13-16) 
from a chemical library [28], and pyrazole analogues (17-19) 
that also inhibit 3C pro (dual inhibitors), as described in more 
detail below [28,29]. Their IC 50 or K\ values against either 
only 3CL pro or both 3C pro and 3CL pro are shown below their 
structures in Figure 1. 

Dual 3CL pro and 3C pro inhibitors 

Among the 3CL pro inhibitors identified so far, we identified 
pyrazoles 17 and 18 (Figure 1) as dual inhibitors for 3C pro 
of CV-B3, EV-71 and RV-14 as well as 3CL pro of SARS- 
CoV and CoV-229E [28]. Compound 18 showed better 
inhibition against 3CL pro (IC 50 2.5 /xM) and 3C pro (IC 50 
1.7/EM) than 17 (IC 50 8.0 /xM and 7.7/xM for inhibiting 
3CL pro and 3C pro respectively), indicating that the lengthy 
butyl-benzimidazole group in compound 17 did not provide 
any other additional interaction with the proteases and that 
the additional interaction is provided by the imidazole ring 
of 18. The diphenyl 4,5-dihydro-l//-pyrazole moiety of 17 
fits well at the ST and S 2 sites in the SARS-CoV 3CL pro , 
with the rest of the molecule at the S3 site and beyond. 
With this binding mode, the compound was predicted to also 
bind well in the 3C pro , consistent with the inhibition data. 
In fact, RV 3C pro prefers a phenyl group at the S 2 site as is 
evident from its strong inhibition by AG7088 which has a 
P 2 -fluorophenylalanine (see Figure 2 A for its structure). 

With the help of further modelling studies, we designed and 
synthesized some pyrazolones as dual inhibitors of 3CL pro 
and 3C pro [29]. Compound 19 showed inhibitory activity 
against both SARS-3CoV 3CL pro (IC 50 8.4 /jlM) and CV-B3 
3C pro (IC 50 9.6 /xM) with no cytotoxicity at 200 /xM [29]. The 
SARS-CoV 3CL pro -inhibiting activity of the above analogues 
is dependent on the carboxy group bound at the S3 site and a 
nitro group at SI site to form hydrogen bonds with Gin 192 and 
Gly 143 respectively. The C3 phenyl ring forms a hydrophobic 
interaction at the S 2 site. The same compound was docked 
with CVB3 3C pro and shows that the C3 phenyl ring of 19 is 
pointed to the SI site and the carboxyl benzylidene group is 
relocated to S 2 in order to form the hydrogen bond in 3C pro 
due to the subtle differences between the structures of 3CL pro 
and 3C pro [30]. 

Structural differences between 3C pro and 
3CL pro 

Peptidomimetic inhibitors [31] and zinc-conjugated inhibit¬ 
ors [15] have been co-crystallized with both 3C pro and 3CL pro 


to reveal the structural differences of the two proteases, 
as a basis for rationalizing inhibitor specificities [30]. As 
mentioned above, unlike 3CL pro , which is dimeric containing 
three domains in each subunit, 3C pro is a monomer with 
only two domains forming catalytic site. However, domains 
I and II from both proteases superimpose well, despite 
subtle differences. On the basis of structure-based sequence 
alignment, 3CL pro has a large loop between /3 -strands Cl and 
Dl, whereas 3C pro has smaller loops inserted between El and 
FI and between B 2 and C 2 [30]. The CVB3 3C pro El-Fl loop 
makes the S 2 site more shallow and open. Therefore AG7088 
with planar fluorophenylalanine at P 2 and the smaller valine 
at P3 designed for inhibiting 3C pro failed to inhibit SARS- 
CoV 3CL pro [19] and TG0204998 with the non-planar leucine 
at P 2 and larger t-butylcarboxamide at P3 shows remarkably 
improved inhibitory activity against 3CL pro (Figure 2A). As 
shown in the left-hand panel of Figure 2 (B), AG7088 binds 
well to CV-B3 3C pro as expected, since it was originally 
developed as potent inhibitor against 3C pro of human RV, 
but TG0204998 binds poorly to CV-B3 3C pro as compared 
with its binding with SARS-CoV 3CL pro , as shown in the 
right-hand panel of Figure 2 (B). Thus the bulky P3 residue 
of TG0204998 is actually relocated to the hydrophobic 
environment in the S4 site formed by the CVB3 3C pro B 2 -C 2 
loop, leaving the unbound P4-benzoxy group facing the bulk 
solvent (see left-hand panel of Figure 2 B). AG7088 fails to 
bind SARS-CoV 3CL pro due to the steric hindrance exerted 
by the fluorophenylalanine group against Arg 188 in the S 2 
pocket and by the isoxazoyl moiety against the hydrophobic 
residues if overlaying AG7088 with TG0204998 in the right- 
hand panel of Figure 2 B. These two Figures rationalize the 
different inhibitor specificities of 3C pro and 3CL pro . 

Future perspectives 

No effective therapy has been developed so far, and the recent 
isolation of strains of SARS-CoV emphasizes the possibility 
of a re-emergence. Therefore it is still a great challenge to 
explore new chemical classes of SARS-CoV 3CL pro inhibitors 
that can be used in anti-SARS therapy in case the disease re- 
emerges. There is also no anti-picornaviral drug targeting 
3C pro in the market yet, although AG7088 (now named 
rupintrivir), which contains a lactam ring to mimic glutamine 
at the PI position and an a,/3 -unsaturated ester at PF as a 
Michael acceptor to form a covalent bond with the active- 
site cysteine residue, shows promising results against a broad 
spectrum of picornaviruses [32]. We have identified several 
classes of 3CL pro inhibitors and some can also inhibit 3C pro . 
Structural studies have revealed that 3C pro is a monomer, 
whereas 3CL pro is a dimeric protein which has an extra third 
domain for dimer formation, although their active sites are 
superimposed very well [30]. Moreover, 3C pro has a more 
open but shallow S 2 site, as well as a smaller S3 site, which 
account for different inhibitory specificity. The information 
discussed in the present review helps to ultimately develop 
drugs against infectious Co Vs and picornaviruses, which 
should be continuously pursued. 


©The Authors Journal compilation ©2011 Biochemical Society 



Joint Sino-U.K. Protein Symposium: a Meeting to Celebrate the Centenary of the Biochemical Society 


1373 


Figure 11 Inhibitors of SARS-CoV 3CL pro and dual inhibitors for 3CL pro /3C pro derived from our studies 

See the text for further details. 
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Figure 2 AG7088 and its analogue as a potent 3C and 3CL protease inhibitor respectively 

(A) The structure and inhibitory constants of AG7088 and TG-0204998. (B) Left-hand panel: structures of AG7088 (cyan) and 
TG-0204998 (green) binding with CVB3 3C pro . AG7088 is modelled in the active site based on the previously solved crystal 
structure of AG7088 with 3C pro of a human RV (PDB code 1CQQ). Right-hand panel: structure of TG-0204998 (green) binding 
with CVB3 SARS-CoV 3CL pro . The PDB codes for the crystal structures of TG-0204998 binding with CVB3 3C pro and SARS-CoV 
3CL pro are 2ZU3 and 2ZU4 respectively. 


A Ruprintrivir (AG7088) TG-0204998 



Funding 

This research was supported by National Science Council and 
Academia Sinica of Taiwan. 


References 

1 Lessler, J., Reich, N.G., Brookmeyer, R., Perl, T.M., Nelson, K.E. and 
Cummings, D.A.T. (2009) Incubation periods of acute respiratory viral 
infections: a systematic review. Lancet Infect. Dis. 9 , 291-300 

2 Monto, A.S. (1989) Acute respiratory infection in children of developing 
countries: challenge of the 1990s. Rev. Infect. Dis. 11 , 498-505 

3 Melnick, J.L. (1996) Enteroviruses, polioviruses, coxsackieviruses, 
echoviruses and newer enteroviruses. In Fields Virology (Fields, B.N. and 
Knipe, D.M., eds), 3rd edn, pp. 655-712, Lippincott Williams and Wilkins, 
New York 

4 Siddell, S.G., Ziebuhr, J. and Snijder, E.J. (2005) Coronaviruses, toroviruses 
and arteriviruses. In Topley and Wilson's Microbiology and Microbial 
Infections (Mahy, B.W. and Ter Meulen, V., eds), vol. 1, pp. 823-856, 
Hodder Arnold, London 

5 Ksiazek, T.G., Erdman, D., Goldsmith, C.S., Zaki, S.R., Peret, T., Emery, S., 
Tong, S., Urbani, C., Comer, J.A., Lim, W. et al. (2003) A novel coronavirus 
associated with severe acute respiratory syndrome. N. Engl. J. Med. 348 , 
1953-1966 

6 Peiris, J.S.M., Lai, S.T., Poon, L.L.M., Guan, Y., Yam, L.Y.C., Lim, W., 

NicholIs, J., Yee, W.K.5., Yan, W.W., Cheung, M.T. et al. (2003) 

Coronavirus as a possible cause of severe acute respiratory syndrome. 
Lancet 361 , 1319-1325 


7 Rota, P.A., Oberste, M.S., Monroe, S.S., Nix, W.A., Campagnoli, R., 
Icenogle, J.P., Penaranda, 5., Bankamp, B., Maher, K., Chen, M.H. et al. 
(2003) Characterization of a novel coronavirus associated with severe 
acute respiratory syndrome. Science 300 , 1394-1399 

8 He, J.F., Peng, G.W., Min, J., Yu, D.W., Liang, W.L., Zhang, S.Y., Xu, R.H., 
Zheng, H.Y., Wu, X.W., Xu, J. et al. (2004) Molecular evolution of the 
SARS coronavirus during the course of the SARS epidemic in China. 
Science 303 , 1666-1669 

9 Baker, S.C. (2008) Coronaviruses: molecular biology. In Encyclopedia of 
Virology (Mahy, B.W.J. and van Regenmortel, M.H.V., eds), 3rd edn, vol. 
1, pp. 554-562, Academic Press, New York 

10 Liang, P.H. (2006) Characterization and inhibition of SARS-CoV 3CL 
protease. Cum Top. Med. Chem. 6 , 361-376 

11 Racaniello, V.R. (2007) Picornoviridoe : the viruses and their replication. 

In Fields Virology (Knipe, D.M., Howley, P.M., Griffin, D.E., Lamb, R.A., 
Martin, M.A., Roizman, B. and Straus, S.E., eds), 5th edn, vol. 1, pp. 
795-838, Wolters Kluwer Health and Lippincott Williams and Wilkins, 
New York 

12 Porter, A.G. (1993) Picornavirus nonstructural proteins: emerging roles in 
virus replication and inhibition of host cell functions. J. Virol. 67 , 
6917-6921 

13 Kuo, C.J., Chi, Y.H., Hsu, T.A. and Liang, P.H. (2004) Characterization of 
SARS main protease and inhibitor assay using a fluorogenic substrate. 
Biochem. Biophys. Res. Commun. 318 , 862-867 

14 Hsu, M.F., Kuo, C.J., Chang, K.T., Chang, H.C., Chou, C.C., Ko, T.P., Shr, H.L., 
Chang, G.G., Wang, A.H. and Liang, P.H. (2005) Mechanism of the 
maturation process of SARS-CoV 3CL protease. J. Biol. Chem. 280 , 
31257-31266 

15 Hsu, J.T.-A., Kuo, C.J., Hsieh, S.P., Wang, Y.C., Huang, K.K., Lin, C.P.-C., 
Huang, P.F. and Liang, P.H. (2004) Evaluation of metal-conjugated 
compounds as inhibitors of SARS 3CL protease of SARS-CoV. FEBS Lett. 
574 , 116-120 


©The Authors Journal compilation ©2011 Biochemical Society 











Joint Sino-U.K. Protein Symposium: a Meeting to Celebrate the Centenary of the Biochemical Society 


1375 


16 Lee, C.C., Kuo, C.J., Hsu, M.F., Liang, P.H., Fang, J.M., Shie, J.J. and Wang, 
A.H. (2007) Structural basis of mercury- and zinc-conjugated complexes 
as SARS-CoV 3C-like protease inhibitors. FEBS Lett. 581 , 5454-5458 

17 Wu, C.Y., Jan, J.T., Ma, H.H., Kuo, C.J.Juan, H.F., Cheng, Y.S., Hsu, H.H., 

Wu, D., Brik, A., Liu, R.S. et al. (2004) Small molecules targeting severe 
acute respiratory syndrome (SARS) human coronavirus. Proc. Natl. Acad. 
Sci. U.S.A. 101 , 10012-10017 

18 Shao, Y.M., Yang, W.B., Peng, H.P., Hsu, M.F., Tsai, K.C., Kuo, T.H., Wang, 
A.H., Liang, P.H., Lin, C.H., Yang, A.S. and Wong, C.H. (2007) 
Structure-based design and synthesis of highly potent SARS-CoV 3CL 
protease inhibitors. ChemBioChem 8 , 1654-1657 

19 Shie, J.J., Fang, J.M., Kuo, T.H., Kuo, C.J., Liang, P.H., Huang, H.J., Wu, Y.T., 
Jan, J.T., Cheng, Y.S. and Wong, C.H. (2005) Inhibition of the severe acute 
respiratory syndrome 3CL protease by peptidomimetic o^-unsaturated 
esters. Bioorg. Med. Chem. 13 , 5240-5252 

20 Shie, J.J., Fang, J.M., Kuo, T.H., Kuo, C.J., Liang, P.H., Huang, H.J., Yang, 
W.B., Lin, C.H., Chen, J.L., Wu, Y.T. and Wong, C.H. (2005) Discovery of 
potent anilide inhibitors against the severe acute respiratory syndrome 
3CL protease. J. Med. Chem. 48 , 4469-4473 

21 Wu, C.Y., King, K.Y., Kuo, C.J., Fang, J.M., Wu, Y.T., Ho, M.Y., Liao, C.L., 

Shie, J.J., Liang, P.H. and Wong, C.H. (2006) Stable benzotriazole esters as 
mechanism-based inactivators of the severe acute respiratory syndrome 
3CL protease. Chem. Biol. 13 , 261-268 

22 Tsai, K.C., Chen, S.Y., Liang, P.H., Luo, I.L., Mahindroo, N., Hsieh, S.P., 

Chao, Y.S., Lien, W., Lin, T.H. and Wu, S.Y. (2006) Discovery of a novel 
family of SARS-CoV protease inhibitors by virtual screening and 3D-QSAR 
studies. J. Med. Chem. 49 , 3485-3495 

23 Lu, I.L., Mahindroo, N., Liang, P.H., Kuo, C.J., Hsieh, H.P., Chao, Y.S. and 
Wu, S.Y. (2006) Structure-based drug design and structural biology study 
of novel nonpeptide inhibitors of SARS-CoV main protease. J. Med. Chem. 
49 , 5154-5161 

24 Chen, C.N., Lin, C.P.-C., Huang, K.K., Chen, W.C., Jiang, W.T., Hsieh, H.P., 
Liang, P.H. and Hsu, J.T.-A. (2005) Inhibition of SARS-CoV 3C-Like 
protease activity by natural products. Evidence-based Complementary 
Altern. Med. 2 , 209-215 


25 Wen, C.C., Kuo, Y.H., Jan, J.T., Liang, P.H., Wang, S.Y., Liu, H.G., Lee, C.K., 
Chang, S.T., Kuo, C.J., Lee, S.S. et al. (2006) Specific plant terpenoids and 
lignins possess potent antiviral activities against severe acute respiratory 
syndrome coronavirus. J. Med. Chem. 50 , 4087-4095 

26 Shao, Y.M., Yang, W.B., Kuo, T.H., Tsai, K.C., Lin, C.H., Yang, A.S., Liang, 
P.H. and Wong, C.H. (2008) Design, synthesis, and evaluation of 
trifluoromethyl ketones as inhibitors of SARS-CoV 3CL protease. Bioorg. 
Med. Chem. 16 , 4652-4660 

27 Ramajayam, R., Tan, K.P., Liu, H.G. and Liang, P.H. (2010) Synthesis, 
docking studies, and evaluation of pyrimidines as inhibitors of SARS-CoV 
3CL protease. Bioorg. Med. Chem. Lett. 20 , 3569-3572 

28 Kuo, C.J., Liu, H.G., Lo, Y.K., Seong, C.M., Lee, K.I., Jung, Y.S. and Liang, 

P.H. (2009) Individual and common inhibitors of coronavirus and 
piconorvirus main proteases. FEBS Lett. 583 , 549-555 

29 Ramajayam, R., Tan, K.P., Liu, H.G. and Liang, P.H. (2010) Synthesis and 
evaluation of pyrazolone compounds as SARS coronavirus 3C-like 
protease inhibitors. Bioorg. Med. Chem. 18 , 7849-7854 

30 Lee, C.C., Kuo, C.J., Ko, T.P., Hsu, M.F., Tsui, Y.C., Chang, S.C., Yang, S., 
Chen, S.J., Chen, H.C., Hsu, M.C. et al. (2009) Structural basis of inhibition 
specificities of 3C and 3C-like proteases by Zn-coordinating and 
peptidomimetic compounds. J. Biol. Chem. 284 , 7646-7655 

31 Yang, S., Chen, S.J., Hsu, M.F., Wu, J.D., Tseng, C.T., Liu, Y.F., Chen, S.C., 
Kuo, C.W., Wu, C.S., Chang, L.W. et al. (2006) Synthesis, crystal structure, 
structure-activity relationships, and antiviral activity of a potent SARS 
coronavirus 3CL protease inhibitor. J. Med. Chem. 49 , 4971-4980 

32 Binford, S.L., Maldonado, F., Brothers, M.A., Weady, P.T., Zalman, L.S., 
Meador, J.W., Matthews, D.A. and Patick, A.K (2005) Conservation of 
amino acids in human rhinovirus 3C protease correlates with 
broad-spectrum antiviral activity of rupintrivir, a novel human 
rhinovirus 3C protease inhibitor. Antimicrob. Agents Chemother. 49 , 
619-626 


Received 13 May 2011 
doi:10.1042/BST0391371 


©The Authors Journal compilation ©2011 Biochemical Society 




